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STUDIES OF HYPOXEMIC/ 
REOXYGENATION INJURY: 
WITHOUT AORTIC 
CLAMPING 
III. Comparison of the 
magnitude of damage by 
hypoxemia/reoxygenation 
versus 
ischemia/reperfusion 
The immature heart is more tolerant o ischemia than the adult heart, yet 
infants with cyanosis how myocardial damage after surgical correction of 
congenital cardiac defects causing hypoxemia. This study tested the hypothesis 
that the hypoxemic developing heart is susceptible to oxygen-mediated damage 
when it is reoxygenated during cardiopulmonary b pass and that this hyp0x- 
emie/reoxygenation injury is more severe than ischemic/reperfusion stress. 
Fifteen Duroc-Yorkshire piglets (2 to 3 weeks old, 3 to 5 kg) underwent 60 
minutes of 37 ° C cardiopulmonary bypass. Five piglets (control) were not made 
ischemic or hypoxemic. Five underwent 30 minutes of normothermic ischemia 
(aortic clamping) and 25 minutes of reperfusion before cardiopulmonary 
bypass was discontinued. Five others underwent 30 minutes of hypoxemia 
(bypass circuit primed with blood with oxygen tension 20 to 30 mm Hg) and 30 
minutes of reoxygenation during cardiopulmonary b pass. Functional (left- 
ventricular contractility) and biochemical ( evels of plasma and tissue conju- 
gated dienes and antioxidant reserve capacity) measurements were made 
before ischemia/hypoxemia and after reperfusion/reoxygenation. Cardiopul- 
monary bypass (no ischemia or hypoxemia) caused no changes in left- 
ventricular function or coronary sinus levels of conjugated ienes, The 
tolerance to normothermic is hemia was confirmed, inasmuch as left-ventric- 
ular function returned to 108% of control values and coronary sinus levels of 
conjugated ienes did not rise after reperfusion. Conversely, reoxygenation 
raised plasma levels of conjugated ienes in coronary sinus blood in the 
hypoxic group 57% compared with end-hypoxic levels (p < 0,05 versus end- 
hypoxic levels and versus ischemia, by analysis of variance). Antioxidant 
reserve capacity showed the lowest levels (highest production of malondialde- 
hyde) in the hypoxemic group (51% higher than control values; p < 0.05 by 
analysis of variance). These biochemical changes were associated with a 62% 
depression of left-ventricular function after bypass because nd-systolic elas- 
tahoe recovered only 38% of control evels (p < 0.05 by analysis of variance). 
These data confirm the tolerance of the immature heart o ischemia nd reper- 
fusion and document a hypoxemic/reoxygenation injury that occurs in imma- 
ture hearts reoxygenated during bypass. Hypoxemia seems to render the 
developing heart susceptible to reoxygenation damage that depresses postby- 
pass function and is associated with lipid peroxidation. These findings uggest 
that starting bypass in cyanotic immature subjects causes an unintended 
re0xygenation injury that may potentially be counteracted byadding antioxi- 
dants to the prime of the extracorporeal circuit. (J THORAC CARDIOVASC SURG 
1995;110:1182-9) 
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E xperimental studies indicate the immature heart is more tolerant o ischemia nd hypoxemia than 
the adult heart avia a spectrum of protective mech- 
anisms. 1-3 Hypoxia, simultaneously, depletes natural 
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cardiac endogenous antioxidant defense mecha- 
nisms 4, 5 and therefore may increase vulnerability to 
the ischemic damage when the aorta is clamped 
during cardiac repair. Our studies in immature pig- 
lets subjected to ventilator hypoxemia show that pre- 
ischemic hypoxemia limits functional recovery after an 
otherwise well-tolerated ischemic interval. Unfortu- 
nately, asphyxia causes acidosis and functional deteri- 
oration resulting in prebypass i chemia. Consequently, 
the role of subsequent reperfusion injury in the func- 
tional depression that follows reoxygenation could not 
be distinguished from damage caused by the hypox- 
emia/reoxygenation process. 
All prior comparisons of hypoxemia nd ischemia 
were in vitro preparations and we expected ischemia/ 
reperfusion to be more deleterious than hypoxemia/ 
reoxygenation because (1) there is better maintenance 
of tissue glycolysis in hypoxemic models versus isch- 
emic models, 6 with reduced buildup of tissue lactate 
and acidosis, and (2) ventricular failure develops more 
rapidly in ischemic preparations. 7 
This current in vivo study was designed to exclude 
ischemic influences by producing hypoxemia during 
cardiopulmonary bypass (CPB), whereby mainte- 
nance of systemic pressure and flow in the extracor- 
poreal circuit avoids adverse influences of ischemia. 
The effects of similar intervals (30 minutes) of 
hypoxemia/reoxygenation and ischemia/reperfusion 
are compared to detect whether the immature piglet 
heart (which is more similar to the human heart) s is 
tolerant o ischemia and susceptible to hypoxemic/ 
reoxygenation i jury. Confirmation of hypoxemia/ 
reoxygenation damage without associated ischemic 
stress would imply that an unintended reoxygen- 
ation injury may be imposed when CPB for cardiac 
repair is begun in cyanotic subjects. 
Material and methods 
Preparation. Fifteen healthy Duroc-Yorkshire piglets 
(2 to 3 weeks old, 3 to 5 kg) were premedicated with 
diazepam 0.5 mg/kg intramuscularly and anesthetized with 
sodium pentobarbital (30 mg/kg intraperitoneally); anes- 
thesia was maintained by intermittent 5 mg/kg pentobar- 
bital bolus intravenous injections. All animals received 
humane care in compliance with the "Principles of Lab- 
oratory Animal Care" formulated by the National Society 
for Medical Research and the "Guide for the Care and 
Use of Laboratory Animals" prepared by the National 
Academy of Sciences and published by the National 
Institutes of Health (NIH Publication No. 86-23, revised 
1985). The experimental preparation, including cannula- 
tion for bypass and blood sample procurement, is compa- 
rable to that described previously. 
Measurements 
Hemodynamics. Measurements were made before CPB 
was started (control) and 15 and 30 minutes after CPB was 
discontinued. Arterial blood gas, electrolyte, and hemo- 
globin measurements were made by the Blood Gas System 
228 (Ciba-Corning, Medfield, Mass.). Final tissue bio- 
chemical measurements were made 30 minutes after 
discontinuation of CPB from biopsy specimens in hearts 
arrested with 4 ° C blood cardioplegic solution (30 mEq/kg 
KC1) to stop metabolism. Blood samples to determine 
levels of conjugated ienes were taken from the coronary 
sinus before extracorporeal circulation was started (con- 
trol) before hypoxemia or ischemia, 5 minutes after 
hypoxemia or ischemia, at the end of hypoxemia, 5
minutes after reperfusion/reoxygenation, and before CPB 
was discontinued and at the end of the observation period. 
Left ventricular (LV) performance was evaluated by 
inscribing pressure volume loops with use of an LV 
five-electrode conductance catheter as described previ- 
ously, 9 and cardiac output was determined by duplicate 
injections of 1 ml of 4°C saline solution into the right 
atrium through a thermodilution probe placed into the 
main pulmonary artery and connected to a cardiac com- 
puter (Model 9520A, American Edwards Laboratory, 
Santa Ana, Calif.). Results were expressed as stroke work 
index in grams times meters per kilogram to normalize for 
body weight. 
Myocardial conjugated ienes. The level of conjugated 
dienes, a marker of lipid peroxidation, was determined 
from LV endocardial biopsy specimens and from coronary 
blood samples as described previously, m
Antioxidant reserve capacity. The method of Godin, Ko, 
and Garnett 11 was used to assess the vulnerability of 
hypoxic reoxygenated myocardium to subsequent oxidant 
stress as determined previously. 
Each heart was examined after death to ensure satis- 
factory ligation of the ductus and absence of the patent 
foramen ovale. 
Experimental groups. All piglets underwent 60 minutes 
of CPB, followed by a 30-minute interval of observation 
after CPB. 
CPB without hypoxemia or ischemia (control). Five pig- 
lets underwent CPB for 1 hour without hypoxemia or 
ischemia. 
Hypoxemia/reoxygenation during CPB. Five piglets un- 
derwent 30 minutes of hypoxemia during CPB, which was 
imposed by reducing inspired oxygen fraction by adding N 2 
to the gas mixture to lower oxygen tension (Po2) in the 
extracorporeal circuit to 20 to 30 mm Hg. Hypoxemia was 
maintained for 30 minutes and followed by 30 minutes of 
reoxygenation during CPB at PO 2 approximately 400 mm 
Hg. 
Ischemia/reperfusion during CPB. Five other piglets un- 
derwent 30 minutes of normothermic schemia during 
CPB imposed by clamping the aorta 5 minutes after CPB 
was started. Reperfusion was done during CPB for 25 
minutes before extracorporeal circulation was stopped. 
All piglets were observed for 30 minutes after CPB, at 
which time final hemodynamic and biochemical measure- 
ments were made. 
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Fig. 1. Cardiac contractility evaluated by inscribing pressure volume loops to evaluate end-systolic 
elastance (Ees), expressed as percent of control values (see text for description). 
Tab le  1. Hemodynamic  data during CPB 
Control (n = 5) Ischemia (n = 5) Hypoxia (n = 5) 
Parameters 5 min 30 rain 60 min 5 min 30 min 60 min 5 min 30 min 60 min 
MAP(mmHg) 54.4-+2.2 62.2_+3.2 65.2+3.7 52.6±1.1 63.2_+7.6 56.2+-3.2 53.4_+1.9 55.8±3.9 
Pump flow index 116 _+ 14 93 _+ 9 90 _+ 8 107 _+ 10 92 _+ 17 77 -+ 5 150 _+ 18 126 _+ 21 
(ml/kg/min) 
SVRI (mmHg.min"  499_+64 703_+81 759_+96 512±58 828+230 746±90 382_+59 530_+151 
L -1 • kg) 
59.4 _+ 3.3 
111 -+ 20 
621 -+ 127 
Table  I I .  Hemodynamic  data before and 30 minutes after CPB 
Control (n = 5) lschemia (n = 5) Hypoxia (n = 5) 
Parameters Before CPB 30 min after CPB Before CPB 30 min after CPB Before CPB 30 min after CPB 
MAP (mm Hg) 69.8 _+ 5.3 58.6 _+ 3.6 63.4 _+ 6.7 63.4 ± 6.9 68.6 _+ 2.3 60.0 -+ 7.1 
Heart rate (beats/rain) 226 _+ 9 255 ± 10 219 _+ 7 222 ~+ 7 202 _+ 4 212 ± 7 
Cardiac index (ml/kg/min) 114 + 18 92 _+ 8 105 _+ 8 85 ± 11 112 _+ 8 74 _+ 7* 
LVSWI (g • m/kg) 0.47 _+ 0.06 0.36 _+ 0.03 0.38 _+ 0.07 0.35 ± 0.03 0.49 _+ 0.06 0.25 _+ 0.03* 
SVRI (mm Hg • min • L 1. kg) 676 -+ 117 729 _+ 55- 593 _+ 30 915 -+ 156 621 _+ 28 863 -+ 158 
LVSWI, Left ventricular stroke work index. 
*p < 0.05 versus before CPB. 
Statistical analyses. Data were analyzed with use of 
the Stat View 2.0 program (Abacus Concepts, Inc., 
Berkeley, Calif.) on a Macintosh IIci computer  (Apple 
Inc., Cupert ino, Calif.). Analysis of variance was used 
for intergroup comparison and the Student's t test was 
used for comparison of repeated variables within exper- 
imental groups, lz Differences were considered signifi- 
cant at a probabil ity level o fp  < 0.05. Group data were 
expressed as mean plus or minus the standard error of 
the mean. 
Results 
t temodynamies .  Mean aort ic  p ressure  (MAP)  
and hear t  rate  were  comparab le  between groups  
before ,  dur ing,  and af ter  CPB,  because  ext racorpo-  
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Fig. 2. Levels of conjugated dienes (CD) sampled from coronary sinus blood during control period, during 
ischemia hypoxemia, and after reperfusion and reoxygenation (see text for description). A, Absorbance. 
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Fig. 3. Antioxidant reserve capacity in LV subendocardial muscle, evaluated after 30-minute observation 
period after CPB was discontinued (see text for description). MDA, Malondialdehyde. 
real flow rate was controlled to keep MAP at 50 to 
60 mm Hg. Systemic vascular resistance index 
(SVRI) was lowered dUring CPB in hypoxic pig- 
lets as the extracorporeal flow rate was raised 
approximately 30% to maintain arterial pressure 
at 50 to 60 mm Hg (Table I). SVRI increased in all 
piglets after CPB and reached the highest levels in 
piglets subjected to ischemia/reperfusion, but 
these differences did not reach statistical signifi- 
cance. 
LV performance, xpressed as end-systolic elas- 
tance, recovered completely in control studies and 
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after ischemia/reperfusion (Fig. 1), and postby- 
pass cardiac index and stroke work index also 
returned to prebypass levels (Table II). In con- 
trast, contractility was depressed severely (70% 
versus ischemia, 62% versus control) after hypox- 
emia/reoxygenation compared with ischemia/ 
reperfusion studies and control values (p < 0.05). 
Cardiac index and stroke work index were lowered 
33% and 49%, respectively, below levels before 
cPB (p < 0.05). 
Biochemical. Coronary sinus conjugated diene 
levels remained unchanged in control and in hypox- 
emia/ischemia reperfusion studies, whereas coro- 
nary sinus conjugated iene levels rose 38% (p < 
0.05) during reoxygenation i  piglets and remained 
elevated after CPB (Fig. 2). Myocardial tissue levels 
of conjugated ienes were unchanged at the time 
final analyses were made 30 minutes after CPB was 
discontinued in all studies. Myocardial antioxidant 
reserve capacity was reduced most severely by hy- 
poxemia/reoxygenation, inasmuch as cardiac muscle 
from this group incubated with 0 to 5 mmol/L 
t-butylhydroperoxide produced 56% more malondi- 
aldehyde than muscle from the control group and 46% 
more than that from the ischemia/reperfusion group 
(Fig. 3, p < 0.05). 
Discussion 
This study of intact immature piglets undergoing 
similar 30-minute intervals of ischemia and hypox- 
emia during CPB (1) shows that extracorporeal 
circulation per se produces no biochemical or func- 
tional cardiac hanges, (2) confirms the tolerance of 
the infantile heart to ischemia, and (3) documents 
impaired functional recovery with associated signs 
of lipid peroxidation after reoxygenation after hy- 
poxemia. 
The observed biochemical and functional recov- 
ery of the immature heart after an ischemic interval 
that causes ignificant damage in the adult porcine 
myocardium 13may be the result of several adaptive 
mechanisms including increased glycolysis, 1 sub- 
strate-level phosphorylation, 2 low levels of 5'-nucle- 
otidase, 3 and increased mitochondrial ctivity. 14 The 
ischemic tolerance of the intact immature piglet 
heart confirms findings in ~uls~ies. 15These data add 
the information that lipid peroxidation does not 
follow reperfusion, because levels of conjugated 
dienes remain relatively normal, presumably by 
slight, expenditure of anti0xidant reserve capacity 
(Fig. 3). Conversely, the same 30-minute hypoxemic 
interval caused severe postreoxygenation depletion 
of endogenous antioxidant reserve capacity, lipid 
peroxidation, and substantial functional impair- 
ment. We presume the oxidant damage after reoxy- 
genation increases usceptibility o subsequent isch- 
emic stress (i.e., aortic clamping needed for surgical 
repair) and may contribute to the increased isch- 
emic vulnerability reported in experimental studies 
of chronic @anosis. 16' 17 
The finding that hypoxemia/reoxygenation pro-
duced more biochemical and functional damage 
than a comparable period of ischemia/reperfusion 
was unexpected, because we anticipated more injury 
after ischemia/reperfusion Caused by buildup of 
lactate and acidosis, with subsequent impaired aden- 
osine triphosphate production. Rovetto, Whitmer 
and Neely 6 report 50% more energy production 
during hypoxemia than during ischemia nd suggest 
a more favorable biochemical environment during 
hypoxemia because of washout of metabolic end 
products of anaerobiosis, coupled with the continu- 
ous provision of subStrate. 
To our knowledge, this is the first comparison of 
hypoxemia/reoxygenation w th ischemia/reperfusion 
in the in vivo heart, so the model itself may have 
introduced heretofore unevaluated variables. Previ- 
ous reports of hypoxemia versus ischemia used the 
isolated heart model, whereby 0 2 delivery is fixed 
either by maintaining flow and reducing Po 2 (hypox- 
emia) or reducing flow and maintaining Po 2 (isch- 
emia). These conditions may inadvertently blend 
ischemia and hypoxemia, because hypoxemic vaso- 
dilation lowers coronary perfusion pressure 18 and 
may cause nonhomogeneous oxygen delivery. The 
hypoxemia/reoxygenation model with the use of 
CPB was selected to ensure a standard hypoxemic 
interval under controlled conditions in the intact 
neonatal piglet, which is more similar to the human 
than other animal models (rat, rabbit, dog). s The 
myocardial response to hypoxemia is characterized 
by increased calcium-activated diastolic tension with 
increased chamber stiffness 19 and washout of acid 
metabolites that can impair continued glycolysis, 
whereas the converse occurs with ischemia. 6'18 
Differences in the energy supply/demand balance 
may be an important factor accounting for the 
different responses to ischemia/reperfusion a d 
hypoxemia/reoxygenation, because heart rate falls 
with ischemia (i.e., low flow) and the heart stops 
contracting when the aorta is clamped. Conversely, 
tachycardia persists to maintain higher oxygen de- 
mands in the hypoxemic model, especially when 
perfusion pressure is maintained. We suspect hat 
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avoidance of hypotengion during hypoxemic vasodi- 
lation (by increasing extracorporeal circuit flow 
rate) maintained more homogeneous perfusion, so 
that regional inequalities in perfusion are an un- 
likely explanation for the more detrimental effects 
of hypoxemia than of ischemia. The effects of heart 
rate in accentuating hypoxemic versus ischemic 
damage was addressed by Serizawa nd associates, 18
and their observations were reinforced by Jarma- 
kani and colleagues, 2° who observed good func- 
tional recovery in hypoxemic hearts paced at a slow 
rate (30 beats/min). A more valid comparison of 
hypoxemia and ischemia in vitro would require 
pacing to maintain heart rate at comparable l vels 
under both conditions. 
Ischemia differs from hypoxemia lso in relation 
to the accumulation of lactate for anaerobic me- 
tabolism, because normal to increased perfusion 
prevails during hypoxemia nd washes away the 
end products of anaeroNosis. Lactate buildup 
may provide a readily available source of reducing 
equivalents that limit reoxygenation damage on 
reintroduction of molecular oxygen. Kowalski and 
associates 21 showed that lactate protects anoxic 
hepatocytes against oxidant stress in a dose-depen- 
dent manner, and this observation was confirmed by 
Altschuid, Hostetler, and Brierly, 22 who exposed 
isolated myocytes to acidosis in studies of hypox- 
emia/reoxygenation. 
The factors responsible for increased tolerance to 
ischemia notwithstanding, these short-term studies 
provide some biochemical insight into the reported 
increased susceptibility of the cyanotic heart to 
ischemic damage during the aortic clamping re- 
quired when congenital defects causing cyanosis are 
repaired, as reported in chronically cyanotic hearts 
by Fujiwawa 17 and Silverman 16 and their associates 
and documented clinically by Del Nido and col- 
leagues. 23 Our findings of reduced tissue antioxidant 
reserve capacity and elution of markers of lipid 
peroxidation after reoxygenation are consistent with 
those in the clinical reports of Teoh 24 and Del 
Nido 25 and their colleagues in patients with tetral- 
ogy of Fallot. 
Most biochemical evidence of oxidant damage 
was derived from coronary sinus blood sampled 
during reoxygenation, and tissue levels of conju- 
gated dienes (the selected marker for lipid peroxi- 
dation) were normal 30 minutes after CPB was 
discontinued. These tissue findings are consonant 
with those of another study showing an increased 
tissue level of conjugated ienes only during rein- 
troduction of molecular oxygen, with return to nor- 
mal after CPB was discontinued in the ischemia/ 
reperfusion model. 26 We did not sample the 
myocardium during reoxygenation and suspect hat 
any conjugated dienes that accumulated were 
washed out during the 60-minute interval after 
reintroduction of molecular oxygen. 
We ascribe the mechanism of oxidant damage 
after hypoxemia/reoxygenation to a burst of oxyge n
radical production after reintroduction ofmolecular 
oxygen that overwhelmed the scavenging capacity of 
the reduced cellular defenseS. 4'5 This notion is 
based partially on the beneficial effects of anfioxi- 
dants reported by others 27' 28 and confirmed in our 
recent study 28a in which an intravenous metabolic 
support solution containing antioxidants reduced 
reoxygenation i jury. This study does not address 
the biochemical pathway of oxidant injury, which 
may include leukocytes, 29 the arachidonic path- 
way, 3° and production of xanthine metabolites. 31 
The role of the xanthine oxidase-hypoxanthine 
pathway has been thought previously to play an 
unimportant part in oxidant damage to the porcine 
heart because of the reported lack of xanthine 
oxidase in the human and pig. Isolated heart mod- 
els, however, failed to account for xanthine oxidase 
that may arise in other organs (kidney, liver, gut) 
and reach the myocardium via the bloodstream in
the in v~vo condition, 32 as in this study. 
Our study also does not distinguish which afore- 
mentioned mechanism renders the immature heart 
more susceptible to hypoxemia/reoxygenation dam- 
age than to ischemia/reperfusion damage, but 
rather emphasizes that a reoxygenation injury 
occurs when hyperoxic CPB is begun in the cya- 
notic heart. This reoxygenation damage occurs 
independent of ischemia and therefore under- 
scores the possibility of the increased susceptibil- 
ity of the hypoxemic myocardium to subsequent 
ischemic injury. The spectrum of changes follow- 
ing reoxygenation after hypoxemia re similar to 
those following reperfusion, 5' 33, 34 so that inter- 
ventions that limit reperfusion damage, including 
antioxidants, may be used to limit reoxygenation 
injury, inasmuch as the process of reoxygenation, 
including the adjustment of the composition of 
the fluid in the extracorporeal circulation and Po 2, 
can be controlled intraoperatively. Consequently, 
the possibility exists that, like reperfusion dam- 
age, reoxygenation irijury can be limited in the 
surgical setting during correction of mechanical 
defects causing cyanosis. 
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